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INTRODUCTION
From the saprotrophs that decay plant material to the
pathogens and mutualists that shape plant population
dynamics at local and regional scales, fungi are major
drivers of ecosystem health, plant productivity, and sustainability in all major biomes (1–5). The ecological
roles of such fungi are driven by their own genomic and
epigenetic architecture, as well as that of their hosts,
often with strong influences from the environmental
context in which such interactions occur (1–9).
The environmental context of fungal biology has
long been defined in terms of abiotic factors, including
those that impact fungal growth and gene expression
directly and those that influence the health, growth,
structure, or defenses of hosts or substrates with which
fungi interact (Fig. 1). Increasingly, however, it is clear
that these environmental contexts also include biotic
components—that is, additional, interacting species
that directly or indirectly alter the outcomes of fungushost associations. Foremost among these in terms of
major effects are endohyphal microbial symbionts, including viruses and bacteria that occur within living
fungal hyphae and can profoundly alter fungal phenotypes (i.e., endofungal microbes or microbial endosymbionts) (10–13).
Phenotypic modulation of fungi by endohyphal
microbes can cause major shifts in fungal substrate
use, enzyme production, thermotolerance, virulence,
and the early phases of symbiotic establishment. Much
like horizontal gene transfer (HGT) can alter diverse
aspects of an organism’s phenotype in ecological time,
so too can acquisition (or loss) of a microbial symbiont change a virulent fungal pathogen to an avirulent
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lifestyle, alter the reproductive strategy of the fungus
from sexual to asexual, increase fungal secretion of
hormones and other signaling molecules relevant to
plants, or broaden the niche space and competitive
ability of fungi in ways that change the balance of fungal community dynamics (see references 11–19). In
these ways endohyphal microbes are important not only
in ecological time, but also in the evolution of fungi and
reciprocal coevolutionary responses from their hosts
(Fig. 1). Thus, understanding the mechanisms underlying symbiotic modulation of fungal phenotypes by
microbes has the potential to inform not only fungal
ecology but also the trajectory of fungal evolution,
especially with regard to convergent phenotypes or ecological modes (e.g., endophytism) for which genomic
markers and evolutionary shifts remain elusive. Such
questions, paired with growing interest in applications
of microbial endosymbionts of fungi, frame an exciting
time as mycologists define myriad factors that shape
fungal functional traits in short-term ecological snapshots and over evolutionary time.
Broadly defined under de Bary’s conceptualization as
“the living together of unlike organisms” (20), symbioses between fungi and endohyphal microbes encompass mutualistic, parasitic, and commensal interactions,
many of which may be context-dependent in terms of
their importance or effects. The best known microbes
that occur as endohyphal symbionts represent two
domains of life. The first are acellular microbes such
as mycoviruses. Mycoviruses (viruses that infect fungi)
usually are double-stranded RNA viruses (ca. 70%
of known mycoviruses), positive-sense, single-stranded
RNA viruses (ca. 30%), and rarely, geminiviruses (21).
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Figure 1 Fungal phenotypes result from direct and indirect
interactions of fungal genomes, host genomes, substrate
characteristics, and the environment, as well as the genomes
of EHB. These often dynamic interactions occur in the context of biotic communities (A) that are shaped by an evolutionary and biogeographic context (B).

Viruses clearly are important in fungal biology (22–25).
Their effects include hypovirulence of pathogens such
as Cryphonectria parasitica, Sclerotinia sclerotiorum,
Botrytis cinerea, and Fusarium graminearum (26–30);
disease in various commercially important Agaricomycetes (31, 32); thermotolerance of plants via infection of the fungal endophyte Curvularia protuberata
(33); and interference with the reproduction of other
mycoviruses (34). Studies over the past 50 years have
revealed that mycoviruses are ubiquitous in fungi (35,
36), with modes of transmission primarily via hyphal
anastomoses and both sexual and asexual spores (but
see reference 37 for an example of transmission via
a mycophagous insect). Mycoviruses and their importance in fungi represent an exciting frontier for future

research relevant to all aspects of fungal biology, and
the themes structuring such research (i.e., effects on
host phenotypes and gene expression, interaction with
cellular defenses, modes of transmission, and roles in
fungal ecology and evolution) are being investigated in
parallel with studies of the other well-documented and
diverse endosymbionts of fungi, in the domain Bacteria.
Much like other eukaryotes, fungi interact closely
with bacteria. These interactions occur in the mycelosphere (the area around the mycelium with which the
fungus interacts), on living hyphae (i.e., on the myceloplane), and within living structures such as hyphae (and
in some cases spores; reviewed in reference 16). Those
bacteria that occur within living hyphae are endofungal
bacteria or endohyphal bacteria (EHB), broadly parallel to the concept of fungi occurring as endophytes of
plants. These bacteria are grouped functionally based
on their observation within hyphae, but their names
do not imply obligate endosymbiotic lifestyles or proscribed benefits or costs to hosts. Instead, these phylogenetically diverse bacteria appear to have converged
upon the capacity to infect fungal hyphae (38), together
encompassing a spectrum of facultative to obligate associations, diverse localizations within fungal cells, and
a range of outcomes of their associations.
Our thesis is that understanding the contributions
of these EHB to fungal biology is a major frontier in
studies of the fungal kingdom (16, 38–42). Their study
is particularly exciting at present given the potential
to explore new fungal strains and well-established
model systems with high-throughput phenotyping and
front-line molecular and computational methods in metabarcoding, genomics, and metatranscriptomics (19,
41–44). Our goals in this chapter are to provide a historical perspective on EHB as a means to frame a functional classification system for these bacterial associates
of fungi, to summarize their functional importance and
related genomic traits, and to highlight emerging methods by which EHB can be studied, pointing to emergent
questions regarding the role of bacterial endosymbionts
in fungal biology.

HISTORICAL PERSPECTIVES
Often present in symptomless mycelia, EHB inhabit diverse fungi representing at least the Mucoromycota
(sensu reference 45: Mortierellomycotina, Mucoromycotina, Glomeromycotina) and Dikarya (Basidiomycota
and Ascomycota) (38, 46–49). Most fungi documented
as hosts of EHB are plant-associated, including arbuscular and ectomycorrhizal fungi, plant pathogens, saprotrophic fungi, soilborne fungi that interact with seeds,
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and endophytes of tissues such as roots and leaves. Some
clinically important fungi also harbor EHB, though they
do not appear to play a major role in pathogenesis in
human and animal systems (50–52).
Although it is not surprising that like many eukaryotes, fungi host bacterial endosymbionts, the discovery
of their prevalence and their potential to shape major
plant-fungi interactions has captured recent interest.
The seminal discovery in 2005 that pathogenicity
of a major plant pathogenic fungus, Rhizopus microsporus, was driven by an EHB (14) brought classical
research on “bacteria-like organelles” (BLOs) (53) to
the fore of plant pathology and mycology alike. Now,
bacterial genomics, microscopy, and molecular biology
are providing insights into the endohyphal lifestyle and
the mechanisms by which such bacteria shape fungal
traits.
EHB were first described in arbuscular mycorrhizal
fungi in the 1970s (54, 55), although their status as
bacteria was not confirmed until they were imaged by
electron microscopy (53). Their discovery was complemented by the description of the cyanobacterium
Nostoc punctiforme living within the fungus Geosiphon pyriforme (Glomeromycotina) (see 15, 56–59).
Most classical mycology texts rarely mention bacteria
except to differentiate them from fungi (e.g., 60–63, as
also observed in reference 64). However, Wolf and
Wolf frequently reference bacteria-fungi interactions,
referencing “associative interactions” and characterizing fungi as gregarious in terms of their associations
with prokaryotes (65). Notably, Wolf and Wolf also
note that “pure cultures” of fungi in nature are “either
non-existent or else occur as miraculous oddities” (65),
speaking presciently to our current understanding of
the complex associations that frame many aspects of
microbial and fungal ecology.
In the 1970s several studies established that BLOs
were present in diverse fungi. Mosse noted the presence
of self-replicating bacteria in spores of Endogone, speculating that BLOs observed there might be spores of
Actinobacteria (66). Protzenko also observed a bacterium or BLO in an endotrophic mycorrhizal fungus of
pea, noting that the microbe’s cell wall was located in
close proximity to that of its host and stating that no
morphological response of the fungus was observed
(54). Microbial associates were observed in Ascomycota as early as 1973, when intracytoplasmic organisms
(“probably bacteria”) were recorded in Scutellinia, a
genus of saprotrophs (67).
In most of these cases early observations were by microscopists, with MacDonald et al. noting that a major
challenge in the further study of BLOs was that they ap-
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peared to be unculturable (68). Perhaps for this reason
studies contemporaneous with the early description of
BLOs focused on other bacteria-fungi associations despite compelling evidence of unusual microbial- or
microbe-like structures in fungal hyphae. For example,
the last decades of the 20th century were particularly
rich in studies regarding mycorrhizal helper bacteria
(reviewed in reference 69; see also reference 16), bacterial ectosymbionts of fungi (70, 71), interactions between cyanobacteria and lichen-forming fungi (72),
bacterial pathogens of cultivated mushrooms (73, 74),
the importance of mixed-microbial fermentations in
foods (64, referencing 75), and antagonism between
fungi and bacteria. Scannerini and Bonfante-Fasolo
summarized the state of the field with respect to BLOs
and endosymbiotic bacteria in fungi in general: “the
available information remains scanty” (76).
Even so, Scannerini and Bonfante-Fasolo pointed to
ca. 10 published and unpublished studies highlighting
the structural classification of BLOs and endosymbiotic
bacteria in arbsucular mycorrhizal fungi, providing evidence that these “endocytobionts” could be observed in
spores, hyphae, arbuscules, and other structures (76).
Moreover, they diagnosed the existence of two types of
endocytobionts in fungal tissue: (i) rod-shaped bacteria
with visible cell walls, nucleoids, and ribosomes, typically enclosed in vacuoles, observed in Glomus and
an unidentified arbuscular mycorrhizal fungus (68,
77, 78), and (ii) BLOs, which lack cell walls, have
a coccoid form, and are localized in the cytoplasm of
diverse arbuscular mycorrhizal fungi. MacDonald and
Chandler reported that such BLOs typically could be
found near the nucleus or mitochondria of fungal cells,
although their placement varied (53). Scannerini and
Bonfante-Fasolo concluded that these BLOs resemble
the vertically transmitted bacterial endosymbionts of
some insects (76).
Enabled by these pioneering studies, a groundswell of
interest in symbioses, and the combination of new analytical methods in visualization and molecular biology, a
renewed focus on bacterial endosymbionts of fungi has
emerged over the nearly 3 decades since Scannerini and
Bonfante-Fasolo’s review (76). Reconstruction of this
phase in the study of bacterial endosymbionts is somewhat challenging because terminology has changed over
time (i.e., endocytobionts, endocellular bacteria, endofungal bacteria, endobacteria, bacterial endosymbionts
and endosymbiotic bacteria, and EHB). However, literature searches (e.g., in the Web of Science, early 2017,
with these terms in Boolean arrays) point to a growth in
publication rate from 1996 onward, especially over the
past 10 years.
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In 1996, one paper highlighted the presence of ca.
250,000 BLOs in a single spore of the arbuscular mycorrhizal fungus Gigaspora margarita and used 16S
rRNA sequencing to identify bacteria within living
fungi as members of the Gram-negative bacterial genus
Burkholderia (Betaproteobacteria; now recognized as
Paraburkholderia and hereafter referred to as such [46,
79]). By 2000, such studies included surveys of diverse
arbuscular mycorrhizal fungi and revealed phylogenetic
relationships among Paraburkholderia associated with
various Gigasporaceae (80). Tools such as in situ hybridization further enabled visualization of symbiotic
bacteria in spores and hyphae (e.g., of G. margarita
[80]). Subsequent studies moved rapidly to address the
functional significance of such bacteria, drawing from
genomics to show that a Paraburkholderia in G. margarita has nitrogen fixation genes (81) and identifying
regions coding for particular proteins (e.g., a methyl
accepting chemotaxis protein [82]).
The first major papers on other fungal systems
emerged with the 2005 study of R. microsporus (Mucoromycotina), wherein a strain of Paraburkholderia was
shown to produce rhizoxin, a macrocyclic polyketide
metabolite and phytotoxin critical to pathogenicity
associated with rice seedling blight (14). By 2010,
endohyphal Burkholderiaceae also were reported from
Mortierellomycotina (83), highlighting the prevalence
of this bacterial family across the Mucoromycota. Contemporaneously, Alphaproteobacteria were identified in
plant-associated mycelium of the ectomycorrhizal basidiomycete Laccaria bicolor (84), demonstrating that
diverse lineages of Proteobacteria can occur as endofungal symbionts and indicating that septate hyphae
such as those in the Basidiomycota did not preclude
establishment of EHB. A second Alphaproteobacteria,
Rhizobium radiobacter, was identified subsequently
as relevant to the establishment of endophytic symbioses by the basidiomycete Piriformospora indica
(Sebacinales), which affiliates with roots of barley and
other hosts (85).
Since that time, studies of EHB have widened in two
main ways. First, the combined approaches of molecular biology, genomics, and computational biology have
led to the identification of the coccoid BLOs in Glomeromycotina that had been observed for decades by
microscopy alone. Now known as Mollicutes-related
endobacteria and placed phylogenetically in the Tenericutes, these EHB are recognized as widespread symbionts of arbuscular mycorrhizal fungi (86, 87). They
exhibit within-host genetic variation, small genomes,
and complex genomic and evolutionary histories (41,
42, 88).

Second, the study of EHB now has extended to the
Ascomycota, the most species-rich phylum of fungi. In
the first studies evaluating phylogenetically diverse Ascomycota for EHB, fungi occurring as foliar endophytes
were shown to harbor not only many lineages of Proteobacteria but also diverse Gram-negative and Grampositive bacteria from the Bacteroidetes and Firmicutes,
respectively (38, 49). As in other groups of fungi, visualization of these EHB was facilitated by LIVE/DEAD
staining (i.e., LIVE/DEAD BacLight Bacterial Viability
Kit, Invitrogen [38]) and by more precise methods such
as fluorescent in situ hybridization (Fig. 2) and bacterial transformation for fluorescence (Fig. 3). Recent
work has addressed the phylogenetic diversity of EHB
(Fig. 4) (see 49), their significance with regard to fungal
thermotolerance, production of plant hormones and
activity of plant cell wall-degrading enzymes (Fig. 5)
(11, 17), their alteration of fungal growth and plant
tissue degradation (Fig. 6), their capacity to influence
early stages of symbiotic establishment between endophytes and hosts (Fig. 7), their variation among closely
related fungi that infect seeds as opposed to leaves
(49), their ability to alter carbon substrate use by a

Figure 2 Fluorescent in situ hybridization microscopy showing endophytic Pestalotiopsis sp. 9143 harboring the class
3 endohyphal bacterium Luteibacter sp. 9143. The image
shows the TAMRA fluorophore with the DAPI counterstain
(blue), highlighting fungal nuclear and mitochondrial DNA in
addition to bacteria (yellow/green). (Reprinted from reference 38).
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Figure 3 (A) Fluorescence microscopy (400×) reveals successful reintroduction of the class
3 EHB Luteibacter sp. 9143 with the tdTomato construct into hyphae of Pestalotiopsis sp.
9143. (B) The same image under phase contrast. (Images reprinted with modification from
reference 48). (C) Healthy and apparently axenic colony of Pestalotiopsis sp. 9143 in which
EHB are present but not visible without microscopy. (D) Conidium of Pestalotiopsis sp.
9143. Although EHB are widespread in the culture that produced such conidia, no conidial
transmission (i.e., no vertical transmission) has been detected.

seed-associated fungus in vitro (19), and their genomic
features (Fig. 8) (43).
Together, ca. 100 studies since 1996 have explored
the biological, genomic, biochemical, evolutionary, ecological, and functional traits of EHB, painting a picture
quite different than that encapsulated by the axenic

approach to fungal biology (per reference 65): one of
widespread, diverse, and important symbioses that
frame fungal traits in cryptic ways. Emergent themes are
that EHB are common in fungi, that they likely represent convergence in the general ability to live within
fungi but do so in diverse ways with differing outcomes,
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Figure 4 Phylogenetic relationships of selected class 2 EHB (black squares) associated with
Mucoromycota, class 3 EHB (bold text) in the Proteobacteria and Firmicutes that associate
with fungal endophytes in the Ascomycota, known bacteria (regular font), and bacterial
endophytes (black circles). For fungal endophytes hosting class 3 EHB, taxon labels indicate
the fungal genus, the plant species from which these fungi were obtained (Cupressus
arizonica, Juniperus deppeana, Juniperus scopulorum, Platycladus orientalis), the location in
which the host tree was growing (NC, North Carolina; UA, University of Arizona Campus
Arboretum, Tucson, Arizona; CHU, M, and MTL, montane regions of Arizona), relevant
GenBank accessions, and bacterial genotype groups (operational taxonomic units) based
on 97% similarity of bacterial 16S rRNA (38). Colored labels indicate genome size and
GC content for class 2 EHB (red) and class 3 EHB (blue), with the latter highlighting that
members of the same 16S rRNA operational taxonomic unit can differ markedly in their
genomic traits. Boxes containing R and X indicate class 3 EHB that have been reassociated
with cured hosts under laboratory conditions (R) and transferred successfully and stably into
novel fungal hosts (X). Labels for bacterial endophytes are similar to those of EHB in fungal
endophytes but lack fungal hosts, because these bacteria occurred directly in plant tissues.
Phylogenetic reconstruction from reference 38 depicts the results of a Bayesian analysis of
16S rRNA gene sequences. Branch support values indicate parsimony bootstrap values
(≥70%; before slash) and Bayesian posterior probabilities (≥95%; after slash). Branches in
bold indicate ≥70% neighbor-joining bootstrap values. Endohyphal Burkholderia listed here
have since been reclassified as Paraburkholderia (79).
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Figure 5 Context-dependence in the outcomes of interactions between class 3 EHB and
foliar endophytes (rows) and meaningful phenotypic variation among symbiotic partners
(columns). Cells reflect the significance and directionality of repeated-measures analyses of
variance assessing growth of fungal strains containing EHB and clones that were cured of
EHB by antibiotic treatment in vitro over 14 days on water agar (low nutrient), malt extract
agar (high nutrient), lignin medium (with indulin as the sole carbon source), and cellulose
medium (carboxymethylcellulose as the sole carbon source). Thermotolerance was assessed
on two media at 36˚C. Cellulase activity was measured as zone-of-clearing scaled by colony
diameter. Orange cells indicate that the growth or cellulase activity of clones with EHB
significantly exceeded that of cured clones. Blue cells indicate that the growth or cellulase
activity of cured clones significantly exceeded that of clones with EHB. Gray boxes indicate
no significant difference (ns) as a function of EHB status. Fungi in red differ only in the
identity of their EHB, in that their fungal genotypes at the barcode locus are identical.
The endohyphal Burkholderia listed here is now Paraburkholderia (79).

and that they vary reliably in suites of characteristics
that can be used to place them into an operational classification. Below we define a preliminary classification for
EHB before exploring in greater detail their functional
significance. We then focus on one functional group to
explore methods of study and research frontiers.

FUNCTIONAL CLASSIFICATION, TRAITS,
AND SIGNIFICANCE OF EHB
When BLOs were first described from hyphae and
spores of various Glomeromycotina, three interpretations were put forward with respect to their potential
functional significance: (i) they might be obligate symbionts living in close and sustained relationships with
their host fungi, (ii) they might be transient associates,
repeatedly lost and reacquired by fungi, and/or (iii) they
might be organelles of uncertain function and origin
(68). Evidence now supports the first two interpretations for diverse EHB, albeit in different functional
groups of fungi and bacteria. Here we assign a functional classification to EHB that references the phylogenetic classifications and functional traits of host fungi,
genomic traits of EHB, and corresponding ecological
and evolutionary traits of EHB such as transmission
mode (Table 1). We identify three functional classes,
here defined as class 1, class 2, and class 3 EHB.

Class 1 EHB
Class 1 EHB (Table 1) correspond to the EHB typically
referred as Mollicutes-related endobacteria. These are

consistent with the small, coccoid BLOs observed over
the past half-century in arbuscular mycorrhizal fungi
(41, 42, 68, 76, 87–90). These members of the phylum
Tenericutes are closely related to various Mycoplasma
species in the class Mollicutes (41, 42) and are thought
to represent ancient associates of Glomeromycotina and
related fungi (42, 87). Recently, a genus was erected to
encompass these EHB (Candidatus Moeniiplasma) (91).
They have not yet been isolated in culture (91).
Overall, class 1 is characterized by high intrahost genomic diversity, an apparently global distribution, and
phylogenetic structure that mirrors species distinctions
in their hosts (41, 42). They are considered heritable,
although horizontal transmission coupled with recombination has been suggested to explain diverse intrahost populations (41, 88, 91). They have been observed
in Mucoromycotina (e.g., Endogone lactiflua and close
relatives) and Glomeromycotina (e.g., members of the
Archaeosporales, Glomales, and Diversisporales [87,
90]), where they occur in the cytoplasm of fungal cells
(89, 92). They typically are small (300 to 600 nm) and
coccoid in appearance (89). Initially, the appearance of
an electron-dense layer outside the plasma membrane
led to the suggestion that they might have cell walls
similar to those of Gram-positive bacteria, but this
has since been refuted (41, 42, 91). They are not surrounded by host-derived membranes but instead are localized directly in the cytosol of living cells (87, 89).
The genomes of class 1 EHB are small relative to
other known EHB (Table 1), but their genome sizes
are consistent with those of horizontally transmitted
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Figure 6 (A) Significantly more mass is lost from surface-sterilized, senescent leaves of a
focal tree (Cupressus arizonica) following inoculation with Pestalotiopsis containing a class
3 EHB (Luteibacter sp. 9143, marked with +) versus treatment with clones of the same
fungus cured of its EHB (–). Reassociation of the EHB and fungus following curing (R)
led to mass loss that did not differ significantly from the original EHB-fungi association.
Data reflect 14 days postinoculation in moist chambers. (B) Scaled mass loss is positively
correlated with the quantity of visible hyphae on tissue (0 = no visible hyphae; 4 = 100% of
foliage covered with fungal growth). (C) Hyphal coverage (white) after 14 days on surfacesterilized, presenescent foliage of C. arizonica in moist chambers. Controls (water only) had
no visible hyphal growth. Hyphal coverage in Pestalotiopsis with EHB exceeded that of
Pestalotiopsis without the EHB.

Mycoplasma (90). Genomes of Mollicutes-related endobacteria sequenced to date are characterized by low GC
content (Table 1), low gene content, and proteins with
domains involved in interactions with eukaryotic hosts,
as well as genes acquired by HGT from arbuscular
mycorrhizal fungi (41, 42). Genes acquired from their
hosts include protein domains relevant to fungal programmed cell death, self/nonself recognition, and posttranslational modification (summarized in reference
90). Their genomes also show evidence of intimate interactions with plectroviruses (Inoviridae, single-stranded
DNA viruses affiliated with diverse Tenericutes [41]).
At present there is some debate regarding the functional roles of class 1 EHB. Their metabolic reliance
on their fungal hosts is underscored by their limited
biosynthetic capacity (summarized in reference 90). Genome analyses designed to infer function are hindered
by the genetic distinctiveness of class 1 EHB, because
functional annotation is lacking for >50% of genes

(90). The conclusions of two contemporaneous papers
differ with respect to the potential for class 1 EHB to
be antagonists or mutualists with respect to their host
fungi (41, 42, 88).

Class 2 EHB
In terms of host breadth, genome size, genomic traits,
obligacy, and metabolic reliance on their hosts, the
diverse assemblage here identified as class 2 EHB is
intermediate between classes 1 and 3 (Table 1). These
bacteria associate with diverse Mucoromycota and
Ascomycota (Table 1). Members of class 2 demonstrate
a capacity for transmission via spores as well as growth
in vegetative hyphae and reproductive structures such
as ascocarps (e.g., in the ectomycorrhizal fungus Tuber
borchii) (15, 93, 94). They are best known in soilborne
pathogens, seed-infecting fungi, ectomycorrhizal fungi,
and the arbuscular mycorrhizae in which they were
first characterized.
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Figure 7 Class 3 EHB can modulate the establishment of endophytic fungi in healthy
foliage. (A) Surface-sterilized foliage of the focal tree species, Cupressus arizonica, was
immersed in a suspension containing axenic hyphae, a suspension containing hyphae with
the EHB, or water only. Tubes were left in place for 24 h and then removed. (B) Inoculated
branches were marked with colored wire according to treatment. After 2 weeks, tissue was
surface-sterilized and evaluated for endophytes. (C) The foliar endophyte was reisolated
from surface-sterilized, inoculated plant tissue (+, endophyte with EHB; –, axenic endophyte;
R, reassociated EHB and endophyte). These strains do not differ in growth on standard
media under laboratory conditions. (D) Successful inoculation by the axenic endophyte
(EHB–, gray) and especially by the endophyte with EHB (EHB+, black); y axis shows
percentage of 2-mm tissue segments from which the fungus was reisolated. The endophyte
was never observed in untreated foliage (control, orange). *Host species from which focal
symbiotic pair was first isolated.

Class 2 EHB have moderately sized genomes (ca. 1.4
to 3.8 Mb), moderate GC content (ca. 46 to 60%), a
predominance (although with some exceptions) of vertical transmission, limited culturability or a high degree
of fastidiousness, and in many cases, occurrence in fungal cells within membranes of host origin (Table 1) (15,
89). Some EHB in this class have yet to be isolated in
culture (see 19, 93–95), but some can be cultivated outside of their hosts under laboratory conditions (93).
Homogenizing mycelia and using genomics to predict
substrate use or optimize growth conditions may greatly
increase the success with which EHB in this functional
group can be isolated in culture (96).
As presently defined (Table 1), class 2 EHB include
members of the Burkholderiaceae (Betaproteobacteria)
such as “Candidatus Glomeribacter gigasporum” in
various Glomeromycotina (95, 97, 98), Paraburkholderia rhizoxinica and Paraburkholderia endofungorum in R. microsporus (Mucoromycotina [99–101]),
and Mycoavidus cysteinexigens in Mortierella elongata
(Mortierellomycotina [44, 96]). Also included here
are intriguing examples of vertically transmitted and/
or apparently unculturable associates of Dikarya, including the Cytophaga-Flexibacter-Bacteroides clade in
ectomycorrhizal T. borchii (Ascomycota) (94, 102) and
Chitinophaga sp. (Bacteroidetes) in a seed-associated
Fusarium keratoplasticum (Ascomycota) (19, 49).

Such class 2 EHB illustrate the range of genomic
and ecological traits that characterize this diverse functional group. Here we explore the four best known of
these: “Candidatus Glomeribacter gigasporum,” P. rhizoxinica, M. cysteinexigens, and Chitinophaga sp.
“Candidatus Glomeribacter gigasporum” (Burkholderiaceae) is an EHB affiliated with primarily Glomeromycotina such as G. margarita, Scutellospora
persica, and Scutellospora castanea (97). It is vertically
transmitted through spores and has not been grown
in culture outside of its hosts (103), although it can
be separated from host mycelium and maintained for
several weeks under laboratory conditions (98). Consistent with vertical transmission and a high degree of
metabolic dependence on its host, it has a relatively
small genome (1.4 Mb with one plasmid [98]; 1.72 Mb
with three plasmids [93]) and limited capacity for carbon catabolism, gluconeogenesis, phosphate transport,
and the synthesis of essential amino acids. In addition
to synthesizing diverse metabolites, including antibiotics,
vitamin B12, and molecules relevant to resistance against
toxins (93), it influences the protein expression and lipid
profiles of its host fungus, as well as spore morphology
and hyphal growth in presymbiotic phases (104, 105).
Like a related member of class 3 EHB (Paraburkholderia sp. 9120; see Fig. 8 and discussion below), it
expresses type II and type III secretion systems (43, 93).

Figure 8 Genomic traits of class 3 EHB associated with foliar endophytes in the Ascomycota (blue font) compared
with nonendohyphal relatives (black) and a model class 2 EHB (red), showing the bacterial habitat, genome size, gene
count, and results of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway searches to identify bacterial
pathways involved in signaling between bacteria and eukaryotes (43). Boxes along the x axis indicate KEGG pathway
identifiers (top) for constituent genes for each bacterial secretion system. Colored boxes indicate that at least one gene
within the genome is present and classified according to that specific KEGG identifier. Numbers inside the colored
boxes denote that more than one gene within that genome is classified according to that KEGG identifier. Boxes for
EHB bacteria described first in reference 43 are shown in blue. Green boxes highlight a species that interacts with
fungi but does not appear to occur endohyphally. Endohyphal Burkholderia listed here are now reclassified as
Paraburkholderia (79).
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Fungal clade

a

*, equivalency; ‡, example.

Mucoromycota
Class 1 Mollicutes-related
(Glomeromycotina,
endobacteria
Mucoromycotina)
(MREs)*
Mucoromycota,
Class 2 Burkholderia
soilborne
(Paraburkholderia)
Ascomycota
rhizoxinica‡ and
Paraburkholderia
endofungorum‡,
“Candidatus
Glomeribacter
gigasporum”‡,
Chitinophaga sp.
EHB01‡, CytophagaFlexibacterBacteroides‡
Class 3 Luteibacter sp. 9143‡, Diverse
Ascomycota,
Erwinia sp. 9145‡,
Basidiomycota
Pantoea sp. 9140‡,
Pantoea sp. 9133‡,
Massilia sp. 9096‡,
Rhizobium sp. 9140‡,
Curtobacterium sp.
9128‡, Paenibacillus
sp.‡, Rhizobium
radiobacter‡

Class

Equivalency or
examplea
32.0–34.3

46.1–60.7

55.2–70.6

0.7–1.2

Proteobacteria, 1.4–3.8
Bacteroidetes

Proteobacteria, 3.9–8.5
Firmicutes,
others

Tenericutes

Horizontal

High

Cytoplasm

Yes Mixed;
Facultative Moderate Cytoplasm;
highly
some
contextsurrounded
dependent
by membrane
of fungal
origin

Obligate

No Debated and
presently
unknown
Yes Generally
Vertical but Obligate to Moderate Cytoplasm;
beneficial
facultative to high
some
potentially
but can be
surrounded
horizontal in
contextby membrane
some species
dependent
of fungal
origin

Vertical

Obligacy Metabolic
Proposed
Genome GC content
of bacterial reliance
Cell interaction
Bacterial clade size (Mb)
(%)
Transmission association on host
Localization wall with host

Functional classification of endohyphal bacteria into three operational classes based on host information, bacterial phylogeny, genomic traits, and
associated traits relevant to bacteria/fungi interactions and ecology (references listed in text)

Table 1
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Ghignone et al. provide a model for tripartite interactions among “Candidatus Glomeribacter gigasporum,”
its fungal host, and the host plant with which these
symbionts interact, highlighting energy fluxes in living
cells, metabolic exchange, and the occurrence of the
EHB in protein-rich vacuoles (93). This species is a
model for studies of plant-arbuscular mycorrhizal-EHB
associations.
Paraburkholderia rhizoxinica (formerly Burkholderia
rhizoxinica) is affiliated with R. microsporus (Mucoromycotina), in which it is responsible for producing the
toxins that have been identified as causal in rice seedling blight disease (14, 52). These include rhizoxin, a
potent antimitotic agent, and rhizonin, a hepatotoxic
cyclopeptide, both of which were previously thought to
be mycotoxins produced by R. microsporus (52, 99,
101). Interestingly, the fungal host requires P. rhizoxinica for sporangium and spore development, tightly
linking EHB with fungal reproduction and fitness
(100). The same authors developed techniques for labeling and artificially introducing the bacterium into
fungal structures, thus establishing a highly informative experimental system for studying EHB-fungi interactions (100). By studying resistance of fungi to the
antimitotic properties of rhizoxin, Schmitt et al. suggested that the stable affiliation of P. rhizoxinica with
R. microsporus represents a transition from parasitism
to mutualism (106). Consistent with its close association with its fungal host, P. rhizoxinica has a 3.75-Mb
genome with primary metabolism oriented to the acquisition and use of fungal metabolic products (107).
Like many other EHB, and many non-EHB in the
Burkholderiaceae, it is characterized by the presence of
multiple plasmids in addition to its own chromosome.
The biosynthetic gene cluster relevant to rhizoxin is
located on the bacterial chromosome itself (107). Although it is transmitted via spores, evidence from a
global population study suggests that past horizontal
transmission events have shaped the genomic architecture of this species (47). P. rhizoxinica can be grown
with limited success in culture under laboratory conditions (47, 52, 107). This EHB can actively invade fungal hyphae in part through use of a type II secretion
system, which releases chitinolytic enzymes (107, 108).
Strikingly, incursion into fungal cells occurs via softening of the fungal cell wall and leaves little detectable trace (108). In pure culture the EHB is motile,
occurring in pairs or at times in clusters as short or coccoid rods ca. 1.2 to 2 μm long and 0.6 to 1.2 μm in
diameter (107). This EHB was the first to be characterized as markedly altering the phenotype of fungi with
respect to plant pathogenicity and toxin production

(14), and it is a model system for genomics and the
study of plant pathogen-EHB interactions. A close relative, Paraburkholderia endofungorum, was described in
2007 and shares many traits with P. rhizoxinica (109).
Mycoavidus cysteinexigens (Burkholderiaceae) is an
EHB associated with the soil-inhabiting fungus Mortierella elongata (Mortierellomycotina) (44, 63, 110).
This bacterium has been studied primarily via metagenomics (44) and genome sequencing of the bacterial
fraction released from homogenized or macerated mycelium (110). Its 2.6-Mb genome reflects reduced function and considerable reliance on the fungal host (111).
Detection of a potential cysteine dependency from genomic analyses led to its successful isolation (110),
and treatment with antibiotics has revealed that it
plays a major role in modulating host metabolism (44).
The association between Mortierella and Mycoavidus,
like that between other EHB and Glomeromycotina,
is thought to be ancient, spanning in this case an estimated 350 million years (44).
Unlike the above examples, which encompass EHB
in the Burkholderiaceae that occur in fungi in the Mucoromycota, Chitinophaga sp. EHB01 (Bacteroidetes)
is affiliated with a member of the Ascomycota. It was
isolated originally from F. keratoplasticum PS0362A,
which in turn was isolated from a seed of a tropical
tree (Cecropia insignis) after exposure to soil for several weeks in a lowland forest understory (19, 49). The
genome of this EHB has not yet been sequenced, but
the relevance of the Chitinophaga-Fusarium association
has been evaluated using phenotypic microarrays. Since
their development, phenotypic microarrays have been
extended from evaluations with bacteria only to studies
of yeasts and filamentous fungi. Shaffer et al. used phenotypic microarrays to compare growth of F. keratoplasticum with and without Chitinophaga on diverse
carbon substrates (19). The fungus grew readily on
standard growth media and on diverse substrates in the
absence of the EHB, and on standard media, colony diameter and spore production were similar regardless of
the presence of the EHB. However, global substrate use
(i.e., growth across all substrates considered simultaneously) differed markedly between clones as a function of Chitinophaga infection. In particular, the axenic
fungus grew to a higher density over the course of the
experiment on 5 (of 95) carbon substrates (1 monosaccharide, D-arabinose; 2 stereoisomeric forms of
one carboxylic acid, D- and L-malic acid; and 1 amide,
succinamic acid). However, with its EHB, the fungus
grew to a higher density on 59 of 95 substrates, including >75% of sugar-based substrates and most aminoand carboxylic acids and their derivatives (19).
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Thus, Chitinophaga EHB01 is associated with increased breadth of substrate use and enhanced growth
by its host on many substrates. Moreover, its improvement of fungal growth on substrates relevant to plantand seed-fungus interactions is intriguing from an
ecological standpoint. Much as genomic insights can
be used to infer phenotypic traits, here phenotypic observations provide the basis for predictive genomics,
currently a target for future work. Although vertical
transmission of Chitinophaga has not yet been observed, we anticipate that challenges associated with
isolating it in culture will correspond to a relatively
small genome that is tightly integrated with host functional traits. This argues for its placement in class 2,
much like the Cytophaga-Flexibacter-Bacteroides symbiont of the ectomycorrhizal ascomycete T. borchii
(102). However, genomic data are needed for these
strains, which stand out from other class 2 EHB by
occurring in septate fungi within the Dikarya, rather
than in the coenocytic Mucoromycota described above.
These Ascomycota-associated Bacteroidetes may prove
to be a unique functional group or may be moved to
class 3 should cultivation be achieved and transmission
by spores not be detected.

Class 3 EHB
Class 3 EHB are a diverse, nonmonophyletic assemblage of bacteria characterized primarily by horizontal
transmission, partially free-living or otherwise nonendohyphal lifestyles, high phylogenetic diversity, and
occurrence in the living hyphae of Dikarya (11, 17, 19,
38, 43, 48, 49, 85, 112). As a group these EHB represent the second scenario outlined by MacDonald
et al.—that EHB may be transient associates of their
hosts, with the capacity to be gained and lost repeatedly
(68; see also 38, 48). Such gains and losses are easily
detectable in the laboratory and speak to a facultative
lifestyle in nature (17, 38, 48, 49).
Class 3 EHB as defined here occur in hyphae of
Ascomycota and Basidiomycota affiliated with soil and
above-ground plant parts. Hosts include ectomycorrhizal Laccaria (Basidiomycota [84]), growth-promoting
root endophytes such as P. indica (Basidiomycota [85]),
and diverse Pezizomycotina that occur in leaves and
seeds of plants from tropical to arctic settings (38, 49).
Together, class 3 EHB represent at least the phyla Proteobacteria (including Alpha-, Gamma-, and Betaproteobacteria; Fig. 4) and Firmicutes (e.g., Paenibacillus
in Laccaria [112]; see also reference 38 for a report of
Paenibacillus in Phaeomoniella and Biscogniauxia
strains that occur as foliar endophytes).
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The bulk of the diversity in this functional group
appears to reside in the Proteobacteria, represented by
genera such as Paraburkholderia (with large genome
sizes compared to congeneric bacteria occurring as
class 2 EHB [Fig. 4]); Rhizobium and Acinetobacter,
associated with Sebacinales; and Luteibacter, Pantoea/
Erwinia, Sphingomonas, and others (Fig. 4; Table 1).
Generally, these bacteria are closely related to freeliving or other non-EHB lineages (38, 43). They can be
visualized using LIVE/DEAD staining and fluorescence
in situ hybridization (Fig. 2). In some cases the number
of bacterial cells per fungal cell can be quite low (e.g., 2
to 20 per fungal cell [113]). The few cases in which
bacterial DNA has been quantified with respect to
fungal genomic DNA reveal concomitantly low amounts
of bacterial genomic material (e.g., 0.035 ng of bacterial
DNA:100 ng of fungal DNA [114]).
Class 3 EHB typically can be cultured outside of
their hosts, reintroduced to their axenic hosts, and
moved into novel fungal strains (Fig. 3) (17), presenting
a tractable set of experimental systems for tracking the
relevance of EHB in modulating fungal phenotypes
(11). At least some species are encapsulated in the cytoplasm of Dikarya by membranes apparently of host
origin (M. Hoffman, personal communication). Individual fungi can harbor more than one class 3 EHB in
different parts of the same mycelium (49), with EHB
transformation allowing visualization of single- and
multi-EHB infections (see Fig. 3).
Class 3 EHB appear not to have undergone significant reductions in genome size or content relative to
their close relatives with other lifestyles. The genomes
of these EHB generally are larger than those of class 1
and class 2 EHB (Table 1; Fig. 4), with higher GC content and a prevalence of genomic traits consistent with
life phases outside of fungal hyphae (43). Their genome
sizes range from ca. 3.9 to 8.5 Mb, with GC content
exceeding 70% in some strains (Table 1; Fig. 8). Most
have circular chromosomes and varying numbers of
plasmids, but R. radiobacter has both a circular chromosome and a linear chromosome (together accounting
for 4.9 Mb) as well as one plasmid (0.21 Mb) (114).
GC content (ca. 59.3 to 59.4% in the bacterial chromosome) is similar to that of many other class 3 EHB
(Table 1). Like other class 3 EHB, R. radiobacter is
closely related to bacteria that do not occur as EHB (in
this case, to plant-pathogenic bacteria [114]).
Preliminary evidence indicates profound effects of
individual class 3 EHB on their fungal hosts with respect to altering phytohormone production, thermotolerance, substrate use, and the production of plant
cell wall-degrading enzymes (Fig. 5) (see also references
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11, 17). For example, Luteibacter sp. 9143 markedly
increases production of indole-3-acetic acid in a foliar
endophyte (Pestalotiopsis sp. 9143) (11). This increase
in hormone production enhanced growth of seedlings
treated with culture filtrates (11). However, few general
rules apply with regard to the effects of these diverse
bacteria on their hosts. For example, two closely related
strains of endohyphal Luteibacter are associated with
different phenotypic responses in different fungi (Fig. 5).
Similarly, the same fungus differs markedly in its phenotype with respect to substrate use and thermotolerance
when infected by different class 3 EHB (Fig. 5).
Overall, the emergent picture is one of facultative
associations with context-dependent outcomes, which
together translate to impacting plant-fungus symbioses
in profound but as yet unpredictable ways. In this way,
class 3 EHB in fungi such as endophytes resemble the
facultatively symbiotic fungi they frequently inhabit,
whose benefits for hosts are often context-dependent.
Even so, class 3 EHB may play important roles in fungal
niche differentiation, substrate use, and ultimately, ecological modes in nature: in the partnerships studied so
far, certain EHB are associated with enhanced saprotrophy by some fungal endophytes (e.g., Pestalotiopsis
sp. 9143), concomitant with enhancement of growth
on cellulose-containing media and the production of
cellulolytic enzymes (Fig. 5). In other cases symbiotic
establishment with host plants can be influenced by
class 3 EHB, in the context of both leaves (Fig. 6) and
roots (113). Increasingly, it appears that EHB are important in the ecological diversification of fungi in the
short term, potentially with lasting evolutionary consequences that may speak to the hyperdiversity of endophytic fungi and related functional groups of Dikarya
(e.g., 115, 116).
Concomitant with their ecological and evolutionary
diversity, class 3 EHB exhibit diverse genomic features
relevant to bacteria-fungi interactions (Fig. 8). Closely
related EHB often have similar genomic architecture
with respect to secretion systems and enzyme-encoding
genes, and often they resemble the genomic structure
of their close relatives that occur in other ecological
settings (Fig. 8). The diverse class 3 EHB for which genomes are sequenced demonstrate convergence on the
endohyphal lifestyle, but apparently via different evolutionary pathways and with different mechanisms for
communication with fungal cells (Fig. 8).

FRONTIERS FOR STUDYING EHB
The study of EHB was initiated when observations of
fungal structures by microscopy revealed the presence

of unexpected structures resembling bacteria in the cytosol (53, 66, 68, 76). Since that time inquiries into the
existence, identity, and function of EHB have followed
a trajectory that includes imaging; curing and, where
possible, reinfection; phylogenetic characterization; and
most recently, genomics and metagenomics that have in
some cases facilitated culturing and in other cases illuminated the evolutionary history of uncultivable species (41, 42, 88). In the near future metatranscriptomes
will be exciting for understanding gene expression, particularly in class 2 and class 3 EHB whose relationships
with fungi can be manipulated. Variation in the outcomes of associations between class 3 EHB and different fungi (Fig. 5) sets up an especially compelling area
of inquiry in which metatranscriptomic perspectives
will be enlightening. Those fungus-EHB pairs that can
be cured and reassociated, or that can be introduced
easily into other fungi, might be promising targets for
such work (see Fig. 3, Fig. 4, Fig. 5).
In the interim, current and traditional methods of
evaluating fungi for EHB continue to be fruitful. The
prevalence of class 3 EHB in the species-rich Dikarya
argues for screening existing fungal collections and
new isolates from diverse phylogenetic and functional
groups to understand the scope and distribution of
EHB symbioses. At the moment, most known EHB are
in plant-associated fungi; EHB (class 2) have been
detected in clinical isolates of R. microsporus, but the
bacteria are not required for zygomycoses (47). Given
the importance of such EHB as producers of toxins,
however, an important area for future research relevant
to human health certainly lies in food safety (e.g., in the
context of Paraburkholderia affiliated with Rhizopus
strains used for tempeh production; see references
47, 117).
In the earliest studies that detected EHB, transmission electron microscopy was key for diagnosing the
presence of BLOs in hyphae of arbuscular mycorrhizal
fungi (53). A decrease in the training of young mycologists in transmission electron microscopy and related
methods (including ultrastructural analysis and other
imaging approaches such as scanning electron microscopy) may limit visualizations that so richly complement -omics studies of EHB. In the case of class 3 EHB,
resynthesis conditions have been published for the association between Pestalotiopsis and Luteibacter, outlining an approach for manipulating EHB and their
partners that could be translated to microscopy and
linked directly to genomics/metatranscriptomics analyses (48). In seeking to link structures with genes and
gene expression, mycologists may benefit in some cases
from collaborations: a survey of the literature reveals
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that few papers on EHB have been published in mycological journals, suggesting untapped potential to link
fungal biology with the work of microbial and genomic
scientists outside the traditional scope of mycology.
At the end of the 20th century, intracellular Paraburkholderia (class 2) were described in the cytoplasm
of Glomeromycotina through the combined approaches
of PCR and fluorescence microscopy (e.g., 46). Staining
spores of G. margarita with LIVE/DEAD (46) confirmed the viability of both the fungal and bacterial
symbionts, a much-needed indication of symbiosis that
should be established clearly when new EHB-fungi associations are described (see 15). Similarly, Salvioli
et al. used SYTO BC dye, a nucleic acid stain component, in conjunction with confocal microscopy to detect “Candidatus Glomeribacter gigasporum” in spores
of G. margarita (13). Such methods persist in more recent studies as effective approaches for validating the
presence and placement of living bacteria in diverse
fungi (38, 48, 49). However, methods such as LIVE/
DEAD can lead to uncertain interpretations: fluorescence by ectohyphal bacteria and fungal nuclei and mitochondria cannot always be distinguished easily from
EHB. In these cases, combining molecular analysis and
more specific methods such as fluorescence in situ
hybridization can be helpful. For example, Hoffman
and Arnold used phylogenetic approaches based on 16S
rRNA in conjunction with a TAMRA fluorophore
to visualize and unambiguously confirm the identity of
class 3 EHB (Fig. 2) (38).
Here, too, transformation of EHB can be of immense help in visualizing bacteria within fungal cells.
For example, Partida-Martinez et al. used green fluorescent protein labeling to track vertical transmission
of class 2 EHB (100). Similarly, Arendt et al. imaged
tdTomato-tagged Luteibacter sp. 9143 in hyphae of its
host (48). In the latter study, the Luteibacter strain
was manipulated with transposon mutagenesis (Fig. 3)
(48). In such cases, EHB that can be grown axenically,
be manipulated, and be reintroduced to hosts can be
especially tractable.
In general, class 3 EHB can be isolated from fungal
hyphae after prolonged immersion in water, after heat
treatment, or after macerating or otherwise damaging
fungal mycelia (an approach that also has been useful
in segregating some class 2 EHB for molecular analysis
[96]). The emergence of EHB in culture, particularly
from vouchers of fungi such as endophytes stored
in sterile water, sometimes can be mistaken for contamination if their presence is unexpected (38). Occasionally, EHB may overcome fungi vouchered in water,
making it impossible to regrow stored fungal strains.
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In such cases, fungaria may do well to voucher dual
cultures: those grown on antibiotic-containing media
and those grown on standard media (38). If fungi
are originally isolated from the environment using
antibiotic-containing media, EHB may be removed before downstream studies occur, and in such cases vital
aspects of fungal traits—shaped by their EHB—might
be overlooked. Because some fungi may harbor more
than one EHB strain concurrently (49), future work
should incorporate next-generation sequencing methods to evaluate the diversity and composition of EHB
communities in individual mycelia.
More generally, a wealth of new or newly applied
methods provides a compelling opportunity to address
questions that are fundamental to understanding the
traits and importance of EHB. Here we explore these
with respect to molecular approaches, imaging, and
questions of interdomain communication. In the following discussion we focus primarily on EHB that
can be isolated and grown in culture, which are tractable for studying the initial phases of bacteria-fungi
interactions, their chemical currency, their genetic and
phenotypic responses to one another, the timeline of
their associations, and—as demonstrated elegantly by
Moebius et al. (108)—the dynamics of bacterial colonization into fungal hyphae. In this context, approaches
used to study bacteria-fungi interactions in nonendofungal systems can shed light on principles of interdomain associations and their outcomes in the context
of EHB symbioses. We explore several such avenues
below, especially with regard to frontiers in the study
of class 3 EHB, a ubiquitous group of symbionts with
horizontal transmission that appears widespread in the
most species-rich fungal clades.

Frontiers in Transcriptomics and Genomics
As the cost of high-throughput sequencing drops and
more genomic data become available, opportunities
will increase to understand the genetic underpinnings
that shape bacteria-fungi interactions at stages ranging
from first encounters to symbiont-driven modulation of
fungal traits. In particular, transcriptomics tools have
become increasingly important for understanding how
genes are regulated during biotic interactions. For
example, by comparing transcriptomes of the fungus
Aspergillus niger and the bacterium Bacillus subtilis
during coculture and axenically, Benoit et al. observed obvious metabolic changes upon attachment of
the bacteria to fungal hyphae (12). Both B. subtilis and
A. niger decreased their production of antifungal and
antibacterial molecules, respectively. The majority of
the genes downregulated during these in vitro inter-
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actions were related to detoxification or secondary
metabolite production and carbon metabolism, suggesting that an active physiological adaptation to the
partner organism occurred in culture (12). Such dynamism may underscore facultative associations between
class 3 EHB and their fungal hosts.
Similarly, Mela et al. used a dual transcriptomics
approach to explore bacterial genes involved in mycophagy by Collimonas fungivorans and the fungal response to this attack (118). Their findings indicated a
complex interaction involving antibiosis and nutrient
competition in both organisms. On the bacterial side,
chitinases and secondary metabolites played an important role. The fungal response was dominated by differential expression of genes related to cell wall and lipid
degradation, nitrogen deficiency, and cell defense. Future studies could evaluate whether fungi exhibit similar responses when exposed to their native EHB (as
opposed to EHB from other fungi) or when exposed to
other bacteria that are closely related to EHB yet have
other lifestyles (see 17).
Although there are commonalities in the fungal response to antagonism in both of these studies, common
ground also exists between positive and negative interactions. A dual-transcriptomics microarray study of
the interaction between L. bicolor and three bacteria (a
helper strain, a commensal strain, and an antagonistic
strain) revealed negative correlations in transcripts involved in primary metabolism between antagonistic
and nonantagonistic interactions (119, 120). However,
the fungus had a unique response to each bacterial
strain. Although each bacterial strain responded differently to the fungus, all three bacteria demonstrated differences in the expression of genes involved with cell
wall modification (119, 120). The relatively small size
of microbial genomes and differences in mRNA processing between prokaryotes and eukaryotes make
bacteria-fungi interactions ideal for transcriptome studies, with the potential to explain how EHB modulate
the phenotypes of their fungal hosts in real time.
More broadly, the accumulation of genome-scale
data from diverse EHB over the past 2 decades promises to accelerate as these associates of fungi, and their
relevance, become better known. Comparative genomics for densely sampled clades that contain EHB has
the potential to identify hypotheses regarding mechanisms of interactions between fungi and their endosymbionts. Variation in the presence of various protein
secretion systems (e.g., Fig. 8) suggests that as a whole,
EHB may communicate and interact with their fungal
hosts in highly diverse ways. Chitinase has proved especially important for facilitating bacterial entry into

living fungal hyphae (108), but it is striking that genomes of diverse EHB do not necessarily contain genes
for chitinase production (Fig. 8) (43). Studies regarding
alternative methods of entry into fungal hyphae merit
further attention.
One related area of inquiry that also merits exploration is that of HGT between EHB and their fungal
hosts. Illustrated clearly in the case of class 1 EHB (41),
HGT contributes greatly to bacterial genome evolution in general (121) and has been detected, albeit at a
lower frequency, in diverse fungi (122). Several genomic studies have suggested HGT between bacteria
and fungi (123, 124), a process that could be accelerated or increased in frequency when fungi host EHB.
We anticipate that HGT may be especially common in
EHB with type IV secretion systems similar to that of
Agrobacterium, which have been used to successfully
transform fungi in vitro (125). Genes encoding for type
IV secretion systems have been observed among diverse
EHB in class 2 (e.g., plasmid-encoded in P. rhizoxinica
[107]) and class 3 (Fig. 8) (43).

Frontiers in Metabolomics
Many new tools for studying signaling molecules relevant to bacteria-fungi interactions are increasingly
available and can be applied to the study of EHB. One
area of interest lies in the production and relevance of
volatile organic compounds (VOCs) (see “Frontiers in
Interdomain Communication,” below). For example,
recent advances in mass spectrometry (MS) acquisition
and analysis have helped to elucidate VOCs used as
novel communication signals of soilborne bacteria and
fungi. Solid-phase microextraction devices are small filaments that can be inserted into the airspace of interest
to adsorb VOCs and then be analyzed directly in gas
chromatography MS. These devices have been used
with cocultures as well as directly on substrates to identify compounds mediating intermicrobial interactions
(126–128). Profiling of VOCs also is being advanced
through tools such as the electronic nose, or e-nose,
which does not provide specific identities of compounds in sampled air but provides entire profiles that
allow researchers to make global comparisons between
samples or to detect specific microbial profiles in the environment (129–132). To our knowledge, this method
has not been used to examine specific bacteria-fungi interactions per se, though it has been used to profile the
progression of truffle aromas over time (129), which
are thought to be attributable to the fungus as well as
its bacterial associates (133).
In turn, diffusible interactions are a related area
of interest for exploring presymbiotic phases of EHB-
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fungi interactions. Plating colonies in opposition, then
extracting and assaying metabolites to examine outcomes (i.e., antibiosis, growth stimulation, chemotaxis)
has been the “gold standard” in this area for some
time. However, many recently developed techniques
are extraction-free, which helps reduce inherent bias
of extraction methods and gives a more complete picture of the molecular interplay of microbial interactions. Imaging MS is an especially promising platform,
because it allows researchers not only to determine
what compounds are in a sample, but also to map the
location of those compounds to specific locations in coculture (134). One such method, matrix-assisted laser
desorption imaging MS (MALDI-MS), is an extractionfree method that can assess the mass spectral patterns
of interacting microbes on solid media. Matrix-assisted
laser desorption imaging MS was used to identify
ralsolamycin, the interdomain communication compound that induces formation of fungal chlamydospores (135), and to map metabolic interactions and
conversion of bacterial phenazines by Aspergillus fumigatus (136). Finally, nanospray desorption electrospray
ionization MS provides the ability to analyze metabolites directly from living environmental samples at the
microscale (137, 138). When these techniques are combined with metabolic networking platforms, metabolic
exchanges can be identified (139) that could inform
presymbiotic and early interactions between EHB and
their fungal hosts.

Frontiers in Imaging
Electron microscopy has a long and fruitful history
with regard to illuminating how diverse bacteria interact with and occur in fungal hyphae (e.g., 68, 108). For
example, Levy et al. used electron microscopy to explore colonization of Gigaspora decipiens spores and
hyphae by a Paraburkholderia sp. (class 2 EHB) (140).
Their work revealed previously undescribed fibrillar
structures that were used to adhere to the hyphal surface. In parallel, improved spatial resolution has made
confocal microscopy similarly indispensable for exploring close associations of bacteria and fungi, especially
in conjunction with fluorescence in situ hybridization and related approaches (see 141). In both class 2
and class 3 EHB, interactions between bacteria and
fungi can be temporally dynamic, such that monitoring these interactions as they progress is desirable (see
108). While traditional time-course studies have set
the groundwork for understanding general processes
in bacteria-fungi interactions (12), new tools can allow
continuous, nondestructive monitoring of interactions
through time. Stanley et al. recently used novel micro-
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fluidic devices to monitor interactions continuously
between Coprinus cinerea and B. subtilis, showing dynamics in attachment, growth rates, and cell death resulting from these interactions (142). Such approaches
provide an exciting new avenue for exploring microbial interactions over time at a microscopic level, including the dynamics of colonization by EHB, potential
cell-sorting or selection of symbionts by fungi, and the
abundance of colonists under particular conditions.

Frontiers in Interdomain Communication
Directed signaling between bacteria and fungi in environments such as soils often relies on VOCs (143).
These compounds are generally lipophilic and have a
low molecular weight, high vapor pressure, and low
boiling point, which facilitates their movement through
substrates via vapor diffusion and advection (i.e.,
matter transfer via fluid). Recent work demonstrates
that VOCs are produced frequently by bacterial symbionts of plant-associated and soilborne fungi, with
effects on fungal morphology, growth, and persistence
in the environment (144). Such effects can be positive
or negative and have strong impacts, especially at the
spore germination and mycelial growth phases of fungal life cycles (145, 146).
In turn, some bacteria and fungi participate in twoway signaling. When the bacterium Ralstonia solanacearum was cocultured with a plant-pathogenic strain
of Aspergillus flavus, conidiation by A. flavus decreased and aflatoxin production increased (127).
At the same time, R. solanacearum showed decreased
growth, decreased melanin production, and extracellular polysaccharide production (127). Sampling of the
airspace of these cocultures and axenic cultures revealed VOC profiles that could influence autoinduction systems. We anticipate that further exploration
of microbial signaling will show that VOCs contribute to subtler shifts in physiology than those described
to date, which is potentially important in the early
phases of communication between EHB and their fungal hosts.
As the above studies suggest, fungi are likely active
participants in establishing interactions with EHB and,
like many hosts that harbor microbial symbionts, play
some role in filtering colonization by microorganisms.
One particularly exciting area for future work with
respect to such close interdomain interactions might
focus on lectins. These proteins that react with sugars
represent one of the few examples in which fungal activity is known to be influential in the early stages of
interactions with bacteria. Lectins are widespread in
fungi. They can mediate interactions between bacterial
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and fungal pathogens and their hosts, including both
plants and animals (147). Although reported primarily
from Basidiomycota (148), lectins with relevance to
bacteria-fungi interactions are known in some Ascomycota. For example, Dı́az et al. showed that a glycosylated arginase acting as a lectin from the lichen-forming
fungus Peltigera canina was involved in recruitment
and attachment of cyanobacterial cells to the mycobiont (149). Given that both fungal and bacterial cell
walls are extensively decorated with diverse carbohydrate moieties, lectins seem to be a reasonable area
of focus for exploring the early signaling, chemical interactions, and attachment relevant to the establishment of EHB.
Similarly, oxalic acid is produced by members of
diverse fungal phyla (150). Oxalic acid is continuously
excreted from hyphal tips, sometimes in the form of
oxalate crystals. Mycophagous Collimonas uses oxalic
acid to locate hyphal tips (150). Bacterial motility experiments demonstrated that Collimonas can recognize
and engage in directed growth based on concentrations
of free oxalic acid (150). It is plausible that this and
similar signaling molecules may be important in the initiation of EHB symbioses.
More generally, such observations speak to an important interplay of chemotaxis, extrahyphal localization, and early symbiotic interactions between bacteria
and fungi (119). L. bicolor uses chemotaxis to attract the
mycorrhizal helper bacterium Pseudomonas fluorescens
(119), selecting for particular strains by exuding trehalose, a polyol compound that is a carbohydrate source
in and around the mycorrhizal association. When trehalose is used as the sole carbon source in thin agar on
glass microscope slides, fluorescent P. fluorescens bacteria accumulate onto and around the hyphae. This
kind of attraction of the bacteria specifically to hyphae
by the fungus indicates the potential for close interaction and communication, possibly signifying nutritional
exchanges (119). Such signaling would be of interest
in the case of class 3 EHB and in those cases in which
de novo colonization occurs in fungal hyphae by class
2 EHB.
Once in proximity, bacteria and fungi typically communicate over shorter distances (micrometers to millimeters) via larger (>300 daltons), nonvolatile, and
often specialized signals. These signals can be proteinaceous or nonproteinaceous and can diffuse through
aqueous environments. We anticipate that proteinaceous signaling molecules are particularly important in
pre- and early symbiotic phases of EHB-fungi associations. Fungi and many bacteria acquire nutrients via
extracellular digestion, such that they secrete digestive

enzymes into their local environment. These enzymes
include cellulases, chitinases, glucanases, proteases, and
lysozymes (151, 152). Although little has been documented about the roles of enzymes in direct bacteriafungi interactions, chitinases have been indicated as
important factors for bacterial mycophagy (152) and
EHB entry into fungal cells (108).

Frontiers with Respect to Protein
Secretion Systems
Bacteria rely on secretion systems to release large
biomolecules into the local environment and neighboring cells. These systems can range from simple transporters to large protein complexes with specialized
functions. In Gram-negative bacteria these multicomponent secretion systems have been catalogued into
at least six types (type I to type VI), each differing in
components and molecular mechanisms. These systems
often are associated with virulence but have also been
implicated in other symbiotic associations. They certainly are relevant in many EHB-fungal associations,
but studies in this area are in an early phase.
Type I and type II systems secrete lipases, proteases, and beta-glucanases, which have been implicated
in antifungal properties of different bacterial species
(153, 154). Type II systems that secrete chitinases
are essential for bacterial entry into fungal hyphae in
the Paraburkholderia-Rhizopus endosymbiosis (class
2) (108).
Type III and type IV systems directly inject macromolecules such as proteins and DNA into host cells and
have been implicated mostly in interactions with plants
and animals, although there is a growing body of literature that suggests that these systems can also impact
interactions with fungi. Specifically, type III secretion
systems are essential for the maintenance of endosymbiotic bacteria in Paraburkholderia-Rhizopus interactions (107). Similarly, type III systems influence how the
mycorrhizal helper bacterium, P. fluorescens BBc6R8,
shapes colonization of pine roots by L. bicolor (155).
In turn, Agrobacterium tumefaciens (syn. R. radiobacter) utilizes type IV systems to inject transformative
plasmids into host plants (156). This transformation
system has been adopted for biotechnological purposes
to transform a number of fungi in vitro (125). Thus,
type IV systems may have a yet undescribed function in
mediating the transfer of genetic material from bacteria
to fungi. While it is tempting to assume that some evidence of bacteria-fungi HGT may have been mediated
by bacterial type IV secretion systems, particularly via
EHB symbioses, the mechanisms of such gene transfer
events have yet to be explored.
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Type V and VI systems have received limited attention to date in EHB, although they may also play a role
due to their implications in pathogenesis and interactions with eukaryotes. Type V systems secrete virulence
factors and adhesins through the outer membrane,
which can contribute to attachment and biofilm formation (157). These systems may be important for maintaining extracellular contact with fungi during early
colonization and potentially matter for fungi-mediated
translocation. Newly classified type VI secretion systems are important for virulence and are conserved
across pathogenic (i.e., Vibrio, Pseudomonas), beneficial (i.e., Rhizobium), and environmental Proteobacteria (158). Because of the ubiquity and potential
diversity in impacts of type VI systems, their potential
roles in EHB associations are compelling for further exploration. Notably, genes for type VI secretion systems
are widespread in diverse class 3 EHB (Fig. 8) (43).
Importantly, secretion systems are not the only
elements relevant for EHB to enter fungal hyphae. The
occurrence of Firmicutes and Bacteroidetes as EHB
opens the door to exploring other means by which class
3 EHB and others with horizontal transfer via an
extrasymbiotic phase can gain entry into the living cells
of their fungal hosts. In the broad sense, these widespread and potent symbioses appear to be an extremely
common feature in the biology of plant-associated fungi.
We anticipate that future work will detect additional
bacterial phyla and fungal clades involved in intimate
interdomain relationships that impact the ecological
modes of fungi and the hosts with which they, in turn,
interact. Adopting the perspective of Wolf and Wolf (65)
argues for assessing fungal holobionts—with their symbiotic bacteria taken into consideration—when exploring the phenotypes, gene expression, communication,
and ecological activity of fungi. Together, these are exciting frontiers that have been enabled by a foundation
of pioneering studies and the confluence of front-line
methods in imaging, biochemistry, phenotyping, computation, and molecular biology.
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Verlag von Karl J. Trübner, Strasbourg, Germany.
21. Son M, Yu J, Kim K-H. 2015. Five questions about
mycoviruses. PLoS Pathog 11:e1005172.
22. Nuss DL. 2005. Hypovirulence: mycoviruses at the
fungal-plant interface. Nat Rev Microbiol 3:632–642.
23. Roossinck MJ. 2011. The good viruses: viral mutualistic
symbioses. Nat Rev Microbiol 9:99–108.
24. Márquez LM, Roossinck MJ. 2012. Do persistent RNA
viruses fit the trade-off hypothesis of virulence evolution? Curr Opin Virol 2:556–560.
25. Ghabrial SA, Castón JR, Jiang D, Nibert ML, Suzuki N.
2015. 50-plus years of fungal viruses. Virology 479–
480:356–368.
26. Hillman BI, Suzuki N. 2004. Viruses of the chestnut
blight fungus, Cryphonectria parasitica. Adv Virus Res
62:423–462.
27. Bryner SF, Rigling D, Brunner PC. 2012. Invasion history and demographic pattern of Cryphonectria hypovirus 1 across European populations of the chestnut
blight fungus. Ecol Evol 2:3227–3241.
28. Xie J, Jiang D. 2014. New insights into mycoviruses
and exploration for the biological control of crop fungal
diseases. Annu Rev Phytopathol 52:45–68.
29. Pearson MN, Bailey AM. 2013. Viruses of Botrytis,
p 251–272. In Ghabrial S (ed), Mycoviruses. Academic
Press, San Diego, CA.
30. Chu Y-M, Jeon J-J, Yea S-J, Kim Y-H, Yun S-H,
Lee Y-W, Kim K-H. 2002. Double-stranded RNA mycovirus from Fusarium graminearum. Appl Environ
Microbiol 68:2529–2534.
31. Yu X, Li B, Fu Y, Jiang D, Ghabrial SA, Li G, Peng Y,
Xie J, Cheng J, Huang J, Yi X. 2010. A geminivirusrelated DNA mycovirus that confers hypovirulence to a
plant pathogenic fungus. Proc Natl Acad Sci USA 107:
8387–8392.
32. Ro HS, Lee NJ, Lee CW, Lee HS. 2006. Isolation of a
novel mycovirus OMIV in Pleurotus ostreatus and its
detection using a triple antibody sandwich-ELISA.
J Virol Methods 138:24–29.
33. Márquez LM, Redman RS, Rodriguez RJ, Roossinck
MJ. 2007. A virus in a fungus in a plant: three-way symbiosis required for thermal tolerance. Science 315:
513–515.
34. Chiba S, Suzuki N. 2015. Highly activated RNA silencing via strong induction of dicer by one virus can inter-

35.

36.
37.

38.
39.

40.

41.

42.

43.

44.

45.

fere with the replication of an unrelated virus. Proc Natl
Acad Sci USA 112:E4911–E4918.
Buck K. 1998. Molecular variability of viruses of fungi,
p 53–72. In Bridge P, Couteaudier Y, Clarkson JM (ed),
Molecular Variability of Fungal Pathogens. CABI Press,
Wallingford, United Kingdom.
Hammond TM, Andrewski MD, Roossinck MJ, Keller
NP. 2008. Aspergillus mycoviruses are targets and suppressors of RNA silencing. Eukaryot Cell 7:350–357.
Liu S, Xie J, Cheng J, Li B, Chen T, Fu Y, Li G, Wang
M, Jin H, Wan H, Jiang D. 2016. Fungal DNA virus
infects a mycophagous insect and utilizes it as a transmission vector. Proc Natl Acad Sci USA 113:12803–
12808.
Hoffman MT, Arnold AE. 2010. Diverse bacteria inhabit living hyphae of phylogenetically diverse fungal
endophytes. Appl Environ Microbiol 76:4063–4075.
Bonfante P. 2015. From environmental microbiology to ecogenomics: spotting the emerging field of
fungal-bacterial interactions. Environ Microbiol Rep 7:
15–17.
Pawlowska TE. 2016. Evolution in heritable bacterial:
fungal endosymbioses, p 151–160. In Druzhinina IS,
Kubicek CP (ed), The Mycota, vol 4. Environmental
and Microbial Relationships. Springer International
Publishing, Cham, Germany.
Naito M, Morton JB, Pawlowska TE. 2015. Minimal
genomes of mycoplasma-related endobacteria are plastic and contain host-derived genes for sustained life
within Glomeromycota. Proc Natl Acad Sci USA 112:
7791–7796.
Torres-Cortés G, Ghignone S, Bonfante P, Schüßler A.
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